This paper presents a grid frequency responsive inertial control for the modular multilevel converter-high voltage DC (MMC-HVDC) using the MMC design attribute, i.e. submodule redundancy for high reliability. This control does not rely on the external energy sources in providing the inertial response. With an increase in the number of levels of MMCs via the proposed n level control, the submodule capacitor voltage decreases, and the electrostatic energy then flows from the submodule capacitors and supports extra power to the grid in need. Decoupled control of the AC, DC and submodule dynamics of the MMC maintains the desired control performance during and after the inertial response, emulating the inherent behavior of the synchronous machine. This study further quantifies the inertia constant of the MMC, equivalent to that of the synchronous machine. The proposed control performance is demonstrated in the context of a Jeju Island power grid with MMC-HVDC systems for the offshore wind interconnection and interconnection between mainland and Jeju. Simulation results present that the proposed method improves the frequency response in harmony with existing synchronous generators and line-commuted converter based HVDC system. INDEX TERMS Inertia constant, maximum available energy, modular multilevel converter (MMC), n level control.
I. INTRODUCTION
The loss of system inertia has become a major challenge in the future power systems due to high penetration of power electronics-based generation (e.g. photovoltaic (PV) and wind power generation), displacing fossil fuel-based synchronous generation. Sum of wind power and PV generation capacity in the EU-28 countries is already more than 20% as of 2015 and continues to increase [1] . This is a trend not only in the EU but also around the world. Recently, the Korean Government announced that the penetration level of The associate editor coordinating the review of this manuscript and approving it for publication was Junjian Qi . renewable energy will cover more than 20% of the total Korean electricity generation amount by 2030 [2] . This requires huge amounts (approximately 60 GW) of renewable generation units. Especially, Jeju Island, which is the biggest island in Korea, is aiming for zero carbon island, and converter-based power generation is expected to increase rapidly. The total capacity of renewable in Jeju is expected to be 2.3 GW by 2030 while the peak load demand is expected to be 1.3 GW [2] . This islanded power grid is going to check for various stability issues that can occur in low inertial power systems. The reduced inertia owing to the increased adoption of converter-interfaced renewable energy sources, which may displace incumbent synchronous generators, has a high rate VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ of change of frequency (ROCOF) and reduces the damping of the electro-mechanical mode [1] . In this situation, the research efforts to improve the frequency response of power system by renewable generation and voltage-sourced converter (VSC)-high voltage direct current (HVDC) have been proposed in [3] - [20] . Over the past decade, the various research on the inertia support of wind power plant has been conducted and the inertia support and primary frequency control for provision of wind-related HVDC has been conducted [4] , [5] . Inertial and primary frequency support control for multi-terminal HVDC is proposed in [3] , [4] . Inertia emulation control (INEC) with DC voltage control corresponding to the AC grid frequency is proposed in [8] . Some of studies applied the characteristics of the modular multilevel converter (MMC). However, most of them used a two-level VSC.
This study develops an frequency responsive control of MMC-HVDC. The proposed method changes the number of levels in MMC control to provide inertial power to the AC grid. Contrary to the previous studies, the proposed method literally mimics the inherent and autonomous nature of the inertial response of the synchronous machines upon an event without compromising the MMC control performance after the inertial response. Furthermore, this paper calculates the amount of available energy of MMC for the frequency responsive control, and evaluates inertia constant of MMC.
Reference [7] presents an inertia support method of MMC using internal energy and the previous study assumes that the amount of energy available in the MMC is 10% of total energy stored in MMC. Unlike the previous study, this paper analytically evaluates the maximum available energy of MMC for the frequency responsive control. The submodule redundancy factor and modulation extension factor with third harmonic voltage injection are used to calculate the amount of energy that can be provided by submodules of MMC during the emergency. In addition, we examined the impact of the proposed method on the realistic power system with high penetration of the renewable generation. Figure 1 illustrates a three-phase MMC-HVDC structure. The MMC consists of six arms, which are composed of a series-connected arm reactor and numerous submodules. The arm of the MMC may contain the active redundant submodules, which means that the number of submodules (N SM ) per arm could be different from the number of levels (N level ) of the MMC [22] , [23] . The DC voltage (V DC ) of the MMC can be derived from N level by multiplying the average submodule voltage (V SM ,avg ) with (1), and the converter generated AC voltage varies with the modulation signal of the converter controller.
II. BASIC PRINCIPLE OF MMC-HVDC A. MMC STRUCTURE AND REDUNDANT SUBMODULE
The number of submodules determines the stored energy in the MMC arm (E arm,avg ) as follows (2):
The total stored energy in the arm of an MMC is a design parameter, which determines the maximum power transfer capability [25] - [30] . Although redundant submodules improve reliability of MMC operation, the total converter loss may be increased by the conduction loss and switching loss of the redundant submodules. This study assumes that the MMC has a typical redundancy of 10% of a total number of submodules, which means that N SM ≤ 1.1 × N level .
B. MODELING AND CONTROL OF MMC-HVDC
A detailed equivalent model (DEM) of an MMC is used to achieve the inner dynamics of MMC with efficient and accurate simulation [31] - [34] . Because the MMC DEM is represented by a variable resistor and a voltage source, it reduces the computational complexity in EMT simulation. The DEM calculates the capacitor voltage for every submodule using the amount of arm current and ON/OFF state of the submodule. Thus, the total contained energy of MMC is also obtained because all the submodule capacitor voltages are known values. The MMC-HVDC is controlled by a decoupled dq current controller. The decoupled dq current controller is used to control active power and reactive power independently.
MMC requires the submodule capacitor voltage balancing method and waveform generation method (Modulation). The capacitor voltage balancing method balances the capacitor voltages in numerous submodules of each arm. Various submodule voltage balancing methods have been proposed [35] - [38] , which are classified as full-sorting or groupsorting [38] . The full-sorting method is applied for MMC-HVDC in the case study. For the waveform generation, the nearest level control (NLC) is selected among various waveform generation techniques [42] because NLC fits into the high-power, high-capacity, and high-level MMC. Thus, the number of ON submodules in each arm is obtained by NLC as follows:
where j = a, b, c, n u j ,ON is the number of ON submodules of the j phase upper arm, n l j ,ON is the number of ON submodules of the j phase lower arm, m j is the modulation signal of the j phase, and m z,j is the common voltage modulation signal of the j phase for circulating current suppression. The range of the modulation signals (m j and m z,j ) is between 1 and −1.
C. AC-DC DECOUPLED CONTROL OF MMC-HVDC
To exploit the submodule energy of MMC, the AC power control and DC power control need to be separated. The submodule energy changes when the amounts of AC power and DC power of the MMC system are different from each other. Methods for AC-DC decoupled control of arm energy balancing have been proposed for MMC-HVDC [39]- [41] . AC-DC decoupled current control of MMC-HVDC with direct modulation is well studied and presented in [39] , and AC-DC decoupled current control with submodule voltage feedback modulation is proposed in [40] , [41] . When MMC controls AC active power and DC voltage with d-axis current control, the submodule energy is controlled by circulating common voltage control in AC-DC decoupled control. Note that AC-DC decoupled control can make submodule voltage variation. In the previous subsection II-B, we defined N level as a constant value. Now, 'n level control' is redefined so that the number of levels (n level ) is a controllable variable value, and not a constant value. When the n level control is applied, equations (1), (3), and (4) is redefined as follows:
As can be seen in (5) , as v SM ,avg decreases, n level increases. The structure of MMC controller with modified circulating current controller is depicted in Figure 2 . P * ac is the desired active power, i * d is the desired d-axis AC current, v * sm is the desired submodule voltage, V * DC is the desired DC voltage, i u,j is the upper arm current of the j phase, i l,j is the lower arm current of the j phase, i cir,d is the d-axis circulating current, i cir,q is the q-axis circulating current, i cir,o is the common circulating current, m z,d is the d-axis modulation signal, m z,q is the q-axis modulation signal, m z,o is the common voltage modulation signal, K p is the proportional gain, and K i is the integral gain in Figure 2 . 
III. EXPLOITING THE SUBMODULE REDUNDANT ENERGY OF MMC-HVDC A. THE RANGE OF n level OF MMC-HVDC
Previous studies proposed inertia emulation control with VSC-HVDC using the energy buffer in the HVDC link [5] , [8] . Those studies assumed that the VSC-HVDC is a 2-level or a 3-level converter. MMC is a representative topology of VSC at present, and this paper proposes n level control for the inertia emulation control of MMC-HVDC. When VSC uses a Y − transformer, the VSC can add a thirdharmonic voltage to the modulation signal. The peak value of modulation signal can be increased from 1.0 to 1.15 [23] , [43] . The third-harmonic injected modulation extends the range of n level , which is obtained as follows:
where K n is a coefficient of the maximum n level extension factor (1.265), which is obtained from the redundant factor VOLUME 7, 2019
(1.1), multiplying third harmonic injection extension range (1.15) . Here, N level is the number of levels of MMC in normal operation. Note that n level needs to be greater than N level because the submodule IGBTs and capacitor have voltage limit.
B. MAXIMUM ENERGY AVAILABLE FOR n level CONTROL OF MMC AND EQUIVALENT INERTIA CONSTANT
Based on the swing equation in the power system, the inertia constant H of synchronous machine can be described as follows [8] :
where W K is the stored kinetic energy in MJ at synchronous speed, S rated is the machine rating in MVA, J is the total moment of inertia of the rotor mass in kg − m 2 , and ω s is the synchronous speed of the machine. As the angular velocity decreases, the kinetic energy of the synchronous machine changes and the amount of the kinetic energy change ( W K ) is injected into the power system. The amount of the kinetic energy change can be obtained as follows:
. ω 0 is the angular velocity of a synchronous machine corresponding to the fundamental frequency of the power system. Here, f 0 is the fundamental frequency of the power system in Hz, and f s is the frequency of the synchronous machines in Hz. Additionally, f s is equal to the frequency of the power system. It is worth mentioning that f s varies. When the frequency has a lower limit, the maximum available kinetic energy can be obtained as follows:
The frequency f s,min is the lower frequency limit.
Similarly, MMC has the electrostatic energy in the submodule capacitors. The stored energy in MMC can be expressed as follows:
The total number of submodules in MMC is 6 N SM because MMC has six arms. The maximum and minimum energy of MMC can be obtained in (14) and (15) because the minimum number of n level is N level and the maximum number of n level is K n · N level in (8) .
The maximum available electrostatic energy ( W MMC ) in MMC can be calculated using (16) .
where K n = 1.265, as obtained in (8).
C. INERTIA CONSTANT OF n level CONTROL OF MMC
The inertia constant of n level control of MMC (H MMC ) can be obtained by equating the maximum available kinetic energy of the synchronous machine in (11) and the maximum available electrostatic energy of MMC in (16) .
Let S rated = S MMC and H = H MMC . Then, H MMC is then expressed as follows:
The f s,min in K f ,max gives the lower frequency limit of the frequency support control of the MMC. This means that f s,min is the frequency that supports maximum inertial energy. For example, if the frequency f s,min is set to be 59.2 Hz, the frequency support control of MMC-HVDC is active within the range of 59.2 Hz to 60 Hz. Although the energy stored in the MMC is limited and small, it is controllable. To utilize the energy to support the inertia of the power system, it is necessary to use stored energy efficiently. Thus, this paper sets f s,min to the lowest frequency allowed by the power system (e.g. under frequency load shedding (f UFLS )).
D. n level CONTROL FOR FREQUENCY SUPPORT
The swing equation is given in (20) .
where P 1 is the power change of the synchronous machine in per-unit (pu) system. The power change of MMC can be expressed as a derivative of energy in pu:
where P 2 is the power change of MMC in pu. Equating P 1 and P 2 yields (22) .
Integrating both sides of (22) yields:
2H
where K 1 = 2H MMC − 3C SM N SM V 2 SM ,avg /S MMC . The average submodule voltage corresponding to power system frequency (f ) can then be obtained as follows:
Finally, n level , as function of power system frequency, is achieved as follows:
where Figure 3 illustrates the control diagram of the proposed n level control for MMC-HVDC. The frequency can be obtained using phase-locked-loop (PLL). As the submodule voltage (v sm,avg ) decreases, the number of level (n level ) increases.
E. V DC CONTROL FOR FREQUENCY SUPPORT
Using energy stored by DC line and cable for fast primary frequency control is proposed in [3] - [5] , [8] . This paper also propose using charged energy in a DC line or cable. Equation (5) shows that as V DC decreases, n level also decreases. It is important noting that decreasing n level allows more energy can be exploited from submodule. Therefore, the proposed V DC control helps MMC exploit the redundant energy of MMC-HVDC and this is additional benefit when using V DC control and n level control for improved frequency response at the same time.
Like submodule redundancy V DC also has margin to avoid overmodulation. As stated in Section III-A, VSC can add a third-harmonic voltage to the modulation signal and the peak value of modulation signal can be increased from 1.0 to 1.15 [23] , [43] . This means that V DC can be decreased to V DC /1.15. Then, the maximum available energy from DC line can be calculated using (29) .
where,
Block diagram of n level control for frequency support to generate submodule voltage reference. C DC Line is the capacitance of DC line or cable. Note that C DC Line is determined parameter, not controllable parameter.
Equating W DC Line and W K ,max yields (30) . (31) Let S rated = S MMC and H = H DC Line . The inertia constant of DC line (H DC Line ) is then expressed as follows:
The DC voltage reference corresponding to power system frequency (f ) can then be obtained as follows: Figure 4 illustrates the control diagram of the proposed V DC control of MMC-HVDC for frequency support.
IV. CASE STUDY A. CONFIGURATION OF JEJU POWER SYSTEM FOR SIMULATION
The simplified schematic diagram of the Jeju Island transmission system, which is test system for the proposed method, is shown in Figure 5 [48] . The AC system of Jeju Island has two line-communed converter (LCC)-HVDC inverters, two synchronous condensers (SC), eight synchronous generators, and multiple Wind Power Plants (WPPs). MMC-HVDC will be installed by 2020 and two Combined Cycle (C/C) generators (240 MW) will be installed in 2018 [2] . The rated capacity, minimum and maximum power, inertia of generators, and HVDC systems of the future Jeju power system are presented in Table 1 . As the penetration level of wind power generation has been growing rapidly, severe stability problems in system frequency are likely to occur VOLUME 7, 2019 because this inverter-based distributed energy source is not able to provide sufficient inertia. Within the highly sensitive environment of Jeju Island, this study will show that the MMC-HVDC, installed to deliver power from the offshore WPPs and mainland, can support inertia and strengthen the stability of the system by exploiting an energy buffer based on the proposed n level control. We select 2022 Jeju power system with the off-peak condition for the test system due to its high penetration level of converter based generation and transmission. This might be vulnerable to disturbances. The peak load level on Jeju Island is expected to be 1111 MW, and the off-peak load level is expected to be 603 MW in 2022 [2] . The total capacity of installed WPP is growing rapidly, and it is expected to reach 1.3 GW in 2022. HVDC systems and other generators are sufficient to satisfy the demand load.
We assume that 200 MW of capacity of the WPP and HVDC No.3 are connected to Jeju island grid through the MMC-HVDC system and HVDC No.3. The specification of the MMC-HVDC system is presented in Table 2 . Each converter station has a 210 MVA capacity and 170 kV rated AC voltage. In normal operation, HVDC No.1 and HVDC No.3 transfer power from the mainland to Jeju to mitigate frequency deviation by employing droop control, the rate for which is set to be 5% in this paper. The frequency regulation controllers of HVDCs are illustrated in Figure 8 and the parameters are presented in Table 6 . Additionally, MMC-HVDC systems provide power with the transmission system instantaneously by fully utilizing its controllability based on the proposed n level control and V DC control for frequency support. We assume that the rectifier converter also provides inertia with n level control to improve the frequency response of the Jeju power system using communication link between rectifier and inverter. Thus, 4 MMC and two HVDC cables provide inertia to Jeju power system when the frequency drops.
To verify the proposed frequency support control of MMC-HVDC for improved frequency response, the equivalent model of the Jeju Island transmission system is designed as shown in Figure 5 using PSCAD/EMTDC and E-TRAN. The off-peak load scenario is chosen to validate the proposed method because the number of in-service generators with the off-peak load condition is less than those with the peak load condition. Fewer in-service generators means that the power system has lower inertia. The generators condition of the simulation is presented in Table 3 . The power rating of Jeju HVDC No. 1 is 300 MW with ±180 kV DC voltage and the power rating of HVDC No. 2 is 400 MW with ±250 kV DC voltage. HVDC No. 2 is not in service due to this scenario is off-peak condition. The rectifier of MMC-HVDC will transfer active power, and the inverter of MMC-HVDC will operate in DC voltage regulation mode in the simulation. For an N − 1 contingency in the Jeju Island power system with off-peak condition, we assume 95 MW of multiple onshore WPPs outage at 1 s. The simulations are divided into three cases according to H MMC and H DC Line of MMC-HVDC, as presented in Table 4 . The rectifier of MMC-HVDC is also designed to provide inertia through DC connection. Therefore, H MMC is quadrupled for the simulation since four MMCs participate in n level control and H DC Line is doubled for the simulation since two 100 km of DC cable are used in the simulation. The amounts of inertia of MMC and DC line for the simulation cases are presented in Table 4 . Table 5 ) because Case 2 and Case 3 has similar inertia constant. The frequency is stabilized at 59. 43 Hz for all cases.
The frequency dips (Nadir) are 59.1569 Hz for Case 1, 59.1852 Hz for Case 2, and 59.2077 Hz for Case 3 as presented in Table 5 . This means that only Case 3 can avoid under frequency load shedding. As can be seen in to the desired value with AC-DC decoupled control (See Section II-C), the number of levels are different from each inverters and rectifiers (See Figure 7(c) As presented in Table 4 , total amounts of inertia of the power system for Case 2 and Case 3 are almost same. This is why the frequency response of Case 2 and Case 3 are almost the same from 1 s to 1.74 s. However, Figure 7(d) shows that maximum ON submodule per arm of Case 2 goes to limit at 1.74 s. Although n level can increase to 190 theoretically, n level is limited to 180 in Case 2. This is because MMC inner dynamics requires additional modulation signal to suppress double line frequency circulating current during the power transfer. Because the magnitude of the additional modulation signal of MMC is proportional to the amount of power transmission, the MMC-HVDC transmits the lower power, the limit of level is high, and the MMC-HVDC transmits the higher power, the limit of levels is low. Thus, in Case 2, the average submodule voltage could not be lowered to 1.68 kV or less for the simulation and the energy from MMC could no longer be provided as shown in Figure 7 (b). In Figure 6(h) , the MMC-HVDCs stop providing inertia power at 1.74 s in Case 2 and then, the ROCOF is changed as can be seen in Figure 6 (b). However, Case 3, which is the case that proposed n level control and V DC control are used at the same time, doesn't have inertia power interruption. Therefore, using n level control and V DC control together helps MMC exploit the redundant energy of MMC-HVDC and improves frequency response of the power system.
V. CONCLUSION
This paper proposes n level control of MMC-HVDC to improve frequency response of a low-inertia AC grid by changing the number of levels in MMC control and thus providing the extra power to the grid in need. The inertia time constant of MMC (H MMC ) is quantified by associating the maximum available energy of MMC ( W MMC ) with the inertia energy of the synchronous machine ( W K ,max ). The rectifier can also be controlled to provide the similar inertial power as required. It thus literally mimics the inertial response of the synchronous machine and naturally provides the energy buffer to the system. In addition, the system planners and operators will benefit from knowing the amount of inertia from the MMC in situations where converter-based power generation increases and inertia of a power system declines. Two MMC-HVDC systems of this paper are designed to transfer the power from the offshore WPPs and the mainland to the Jeju power grid under off-peak loading condition where one LCC-HVDC, three generators, and two synchronous condensers are in service. The N − 1 contingency makes the Jeju power grid highly weak in terms of frequency stability and the proposed MMC inertial response is highly beneficial especially when the penetration level of renewable is high. The study results demonstrate that the proposed n level control enables the autonomous inertial response of the MMC-HVDC along with the synchronous machines and improves the frequency response of low inertia power system. This contribution should become more crucial as the MMC is expected to achieve increased deployment in the future and form the multi-terminal DC grids to integrate more renewable energy sources.
APPENDIX
See Figure 8 and Tables 6 and 7 . 
